In this paper, I analyze the constraints that limit biomass from becoming an alternative, sustainable and efficient energy source, at least in relation to the current metabolism of developed countries. In order to be termed sustainable, the use of an energy source should be technically feasible, economically affordable and environmentally and socially viable, considering society as a whole. Above all, it should meet society's "metabolic needs," a fundamental issue that is overlooked in the mainstream biofuels narrative. The EROI (Energy Return on Investment) of biofuels reaches a few units, while the EROI of fossil fuels is 20-30 or higher and has a power density (W/m 2 ) thousands of times higher than the best biofuels, such as sugarcane in Brazil. When metabolic approaches are used it becomes clear that biomass cannot represent an energy carrier able to meet the metabolism of industrialized societies. For our industrial society to rely on "sustainable biofuels" for an important fraction of its energy, most of the agricultural and non-agricultural land would need to be used for crops, and at the same time a radical cut to our pattern of energy consumption would need to be implemented, whilst also achieving a significant population reduction.
Biofuels: A New Old Idea for Old and New Problems
In the last decades, the idea of using biomass (especially when this is converted to liquid fuels, or biofuels) for sustainable energy production has been attracting more and more interest from policy makers, scientists and investors, in the hope of providing an answer to the energy crisis and to the need to reduce greenhouse gas (GHGs) emission. Biofuels are also believed to offer a new source of income to farmers and generate employment opportunities in rural areas, both in developed and developing countries.
Since the 1990s, the production of biofuels has been steadily increasing, mainly in the USA, Europe and Brazil, resulting in the processing of a large amount of crops: mainly maize and sugarcane to produce ethanol; and soybean, rapeseed and palm oil to produce biodiesel. In the USA, the 2003 Renewable Fuel Standard, and the 2007 Energy Security and Independence Act established a corn-ethanol production target of 56.8 billion liters by 2015, and a further target of 136 billion liters of ethanol for 2022, of which 80 billion should come from corn [1] .
With the food price crisis hitting the world market of food commodities in 2007-2008, biofuels became a matter of international debate, as they were blamed as the cause of the problem [1] . Since then, the debate over biofuels has gained momentum, and ethical, socio-economic and environmental issues have begun to be widely discussed, both within the scientific community and in the wider society. Some scholars questioned the energy efficiency of biofuels, claiming that it was an unproductive enterprise (e.g., [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ), a point already made in the 1970s by energy experts such as Prof. David Pimentel (e.g., [2] ), and Prof. Vaclav Smil (e.g., [4] ). Biofuels, in fact, call for the adoption of those very same agricultural practices that for decades have been blamed for being highly energivorous and water consuming, and for contaminating the environment and threatening biodiversity and soil health [2] [3] [4] [5] [14] [15] [16] [17] .
Other works highlighted that, contrary to current belief, biofuel production may cause net CO2 emission, in particular when tropical forests and pristine land are converted to plantations and crops for biofuel production. To express such a concept, the term "carbon debt" has been coined [18] [19] [20] .
The interest in biofuel as a potential sustainable and renewable energy source is still high, as is attested by numerous scientific journals recently created in its name, and the number of funded research projects that focus on this topic. Private investments and public subsidies are still poured into this sector. Since the crisis, however, the focus shifted from first-generation biofuels (or the use of fuel crops) to second-generation biofuels, i.e., the use of cellulosic ethanol (crop residues, woody biomass), and then to third-generation biofuels, i.e., oil from algae.
To overcome the conflict over land use (food vs. fuel), it has been pointed out that using marginal land and non-crop species may be a solution-and non-crop species can indeed be used [21, 22] . Important potential non-crop species are being considered, and the list includes: switchgrass (Panicum virgatum a perennial warm season grass native to North America), some species of the genus Miscanthus (from the family poaceae, a native of tropical and subtropical African regions and Southeast Asia), for their high growth rate and the possibility of growing them in poor soil, and the Jatropha genus (Jatropha curcas, an euforbiacea native of Central America, the seeds and nuts of which are toxic to humans, but have a high oil content, about 30%-40%). Palm oil (Elaeis guineensis, a species native of West and South-West Africa), is also becoming of high interest for the biofuel market. In this case, however, there is a risk that palm oil plantations may further increase the displacement of native forests in tropical countries (as happened for sugarcane plantations in Brazil), or replace other food crops, without providing any benefits to farmers. After the plantation is discontinued (20-25 years) , the soil is then ruined and cannot easily serve for further agricultural activities.
International pressure drove the European Parliament's environmental committee, on February 2015, to agree that biofuel from food crops should not exceed 6% of final energy use in consumption in transport by 2020, and accept that changes in land use and the resulting emissions should be accounted for [23] .
It has to be pointed out that in the EU there are still about 3 million ha cultivated with rapeseed (Brassica napus) to produce biodiesel, and part of the cereal production is used to produce ethanol. Furthermore, ethanol is also imported as an end product (about 0.8 Mtoe in 2010) mainly from Brazil, and biodiesel (either as end product or as feedstock) from soybean is brought in from Argentina and the USA. A smaller but growing share of biofuels is imported as crude palm oil from Indonesia and Malaysia (which produces about 90% of the world's palm oil) adding to the carbon debt [1] . The USA, notwithstanding the critics, converts nearly half of their corn production to ethanol [1] . The USA exports and imports sugarcane ethanol (the latter from Brazil), with figures that vary widely from year to year, due to the complex mix of market dynamics, determined by yearly production, market prices of agricultural commodities, subsidies and American laws about carbon intensity (which lead to a preference for Brazilian ethanol due its lower carbon intensity). In the last years, export has been on the rise: in 2013, the United States exported about 600 Mgallons (2271 Ml), of which about 40%-50% went to Canada, followed by Brazil and EU, whereas they imported about 300 Mgallons of ethanol (1135 Ml) from Brazil; in 2014, export reached 820 Mgallons (3104 Ml) while the import fell to 70 Mgallons (265 Ml) [24, 25] .
The debate on the sustainability of biofuels is still open, and many complex issues are at stake. In this study, I will review and synthetize the main issues involved in the current debate. I will analyze the constraints that limit biomass from becoming an alternative, sustainable and efficient energy source, at least in relation to the metabolism of developed countries at present. The aim is to offer a more comprehensive framing of the complexity of the issue, in the hope that researchers, and policy makers alike, may gain some new insights to improve their work on the assessment of biofuels.
In this paper, I argue that the sustainability of an energy source needs to be understood in relation to many different criteria and indicators, and to the scale of the analysis (which may differ according to different stakeholders). In order to be termed sustainable, the use of an energy source should be technically feasible, economically affordable, environmentally and socially viable, considering society as a whole (a solution that works in the lab microcosmos is a necessary but not sufficient condition). Above all, it should meet society's "metabolic needs" [4] [5] [6] [7] 12, [26] [27] [28] [29] . Using wood may seem a great idea for household heating, and it actually is in many rural areas, even in developed countries (and there are cases where wood energy plants seem to work, as in forest-rich areas of Canada, USA, and Norway). Nevertheless, that may not be a good (or a feasible) option in London, or New York, or to power a nation's heavy industry.
The paper is organized as follows. In Section 2, I discuss some concepts and indicators related to the assessment of energy efficiency, pointing out how the importance of some indicators is still underestimated. I stress the fact that different sorts of indicators are required in parallel to assess the quality of an energy source. In addition, the implications of the effect of scale and of system boundary definition are again another fundamental issue that I see is overlooked in the biofuels narrative. In Section 3, I discuss some issues concerning the role played by subsidies in sustaining the biofuel market, and a number of conflicts that can arise by the expansion of biofuels (e.g., food vs. fuel, food prices and land grabbing). In Section 4, I deal with the environmental impact of biofuels. Biofuels have been, and are, promoted on the basis that they help curb GHG emission. Some important studies refute this claim. Actually, there are indications that they may increase GHG emission. The case of palm oil for biodiesel production is discussed, as this culture is spreading in tropical countries, and may greatly affect the conservation of tropical forests. In Section 5, I discuss the pros and cons of the second generation of biofuels, i.e., the use of lignocellulosic biomass (crop residues or woody material). In Section 6, I briefly discuss third-generation biofuels: algae. In Section 7, conclusions are drawn and warnings given along with some suggestions.
Energy Efficiency, Power, Social Metabolism and the Importance of Scale
The idea of transforming biomass in biofuels is not new. In the 1930s, in the USA, Henry Ford suggested using ethanol from corn to fuel his Model T. Critics are not new either. In the 1940s, in the USA, Samuel Brody, the pioneer of animal bioenergetics, claimed that biomass is a primary energy source of very low quality when compared with fossil fuels and remarked that "it is said that we should use alcohol and vegetable oils after the petroleum energy has been exhausted. This reminds one of Marie Antoinette's advice to the Paris poor to eat cake when they had no bread" [30] (p. 968). Biomass is still used as the main energy source by 2-3 billion people around the world, mostly in developing countries. For decades, Brazil and USA have been transforming part of their production of, respectively, sugarcane and corn into ethanol for their automobile fleet.
However, while the energetic consumption in developing countries is around 200-800 kg oil equivalents per capita per year, in developed countries, energy consumption ranges around 3000-4000 kg oil eq. per capita per year, with USA up to 7000 kg oil eq. [31] . In developed countries, there is a large percentage of peoplestill living in rural areas, and due to the relatively low income and cost of labor, biomass represents an efficient and economic energy source (in many cases the only one available). Industrialized societies are characterized by high-density urban areas, high incomes and high cost of labor requiring a much higher rate of energy consumption. This in turn requires relying on energy sources with a high-energy density, i.e., with a high amount of energy stored per unit volume (MJ/L) or mass (MJ/kg). Energy needs to be supplied at a rate that matches and supports the high metabolism of these societies (the rate of energy consumption).
Developed countries are then characterized by allocating a small fraction of their working time to the energy production sector. This allows a reduction in the cost of energy (one of the most important objectives in order to achieve economic development), and to invest human working time in other productive activities, which guarantee a higher benefit.
Assessing Biofuels: The Necessity of a Multicriteria Approach
The proper assessment of an energy source, along with the energy transformation involved and the quality of the energy carriers, is a complex matter. Multiple qualitative and quantitative indicators across different scales of analysis have to be taken into account. Unfortunately, most present-day studies on energy assessment adopt a rather narrow focus. Life Cycle Analysis (LCA) is the most common tool, but, by its own nature, it does not allow for grasping and representing the underlying complexity of these processes [4, 6, 12, 32] .
Much research has been carried out concerning the energy efficiency and GHG emission profile of fuel crops. Findings from different experts, however, diverge considerably. Some authors claim that biofuels may represent an efficient alternative to oil, some of them referring to fuel crops, while others only refer to cellulosic ethanol. Other authors claim that biofuels and biomass in general are instead an inefficient alternative to fossil fuels. So, how is it possible that highly respected scholars can reach such opposing conclusions?
Ridley et al. [33] point out that, notwithstanding the large body of literature on this topic, still some important issues remain poorly explored, such as trade, biodiversity, and human health. The impacts of biofuels in the Southern Hemisphere is also poorly studied, compared to the Northern Hemisphere. This is a very important point, as it warns us that a bias may exist in the information we have, because of the fact that some issues have not yet been properly investigated. Ridley et al. [33] call for more interdisciplinary research to assess complex trade-offs and feedbacks inherent to an energy strategy with potential wide-reaching impacts.
Concerning the production of information, we have to face the fact that data-gathering systems rely on different approaches and methodologies, involving different focuses, models, assumptions and scale of analysis. To begin with, a major problem arises with the choice of system boundaries, the "boundary dilemma" as Smil [32] (p. 275) put it. The choices over where to make our system end can lead to large differences in the results [12, 28, 32] . Borrion et al. [34] , in their extensive review of environmental LCA of lignocellulosic ethanol conversion, conclude that results strongly depend on system boundary, functional unit, data quality and allocation methods chosen. The authors also make an important remark stating that "The lack of available data from commercial second generation ethanol plant and the uncertainties in technology performance have made the LCA study of the lignocellulosic ethanol conversion process particularly difficult and challenging." [34] (p. 4648).
Thus, models tend to consider the adverse effects on food security, poverty, and GHG emissions driven by land-use change separately, and substantial differences exist with regards to the estimates of those effects [35] . This lack of integration, apart from making it difficult to properly assess the quality of the models, may also result in mistakes occurring in the course of data analysis and interpretation. A recent study by Searchinger et al. [35] found a major flaw in three important models used to set government policies in the United States and Europe. The authors found that in these models the GHG reduction supposedly provided by biofuels is in fact accountable for the reduction in food production. The models, in fact, fail to account that some of the crops diverted from food to biofuels are not replaced by planting crops elsewhere. Therefore, it is the reduction in food available for consumption, rather than any inherent fuel efficiency of biofuels, that explains the decline in CO2 emissions in government models.
Assessments are scale dependent (and of course value laden, a matter which scientists often prefer not to confront). This means that before the assessment exercise takes place we have to frame properly the context in which we are operating. To put it simply, do cars pollute? It depends on how many cars we are talking about, the performance of their engines, their average speed, the quality of the fuel, etc. New "clean" engines on many new cars may cause more pollution than old dirty engines on few old cars; scale matters. But the scale has to be decided before carrying out the assessment. There is a very telling example concerning the calculation of biofuel efficiency presented by Shapouri et al. [36] vs. Giampietro et al. [26] , on how to account for co-products. I quote [3] (Giampietro et al. 1997) . It follows then that in a large-scale biofuel production, the DDG could become a serious waste disposal problem and increase the energy costs." For more examples on how the scale issue matters, I refer the reader to [12, 37] .
Such issue of scale was also pointed out by Smil [4] , in his assessment of the program PROALCOL, launched by the Brazilian government. Apart from a number of problems identified by Smil [4] , (e.g., soil erosion, land conversion, productivity-related issues, economic viability), the author stressed that in order to achieve the production of ethanol from sugarcane forecast by the government, the process would have to also produce each year more than 150 million m 3 of vinhoto, the residue of the process. Such a byproduct can be dried up and used as feed, but that is a highly energy-intensive process. The liquid may be used as fertilizer, but it requires logistics for concentrating it, transporting it around the country, etc. So the usual solution is dumping the fluid into the nearest water bodies, and in that context, vinhoto is a very serious pollutant.
Assessing Energy Efficiency: How the Framing of the Issue Affects the Conclusions Drawn
Analyzing energy efficiency by assessing the Energy Return on Investment (EROI, or EROEI, the Energy Return on Energy Investment) of an energy source is more effective than relying on the earlier output/input analysis methodology, as it provides information on the net energy available to society (Figure 1 ). EROI refers to how much energy is returned from one unit of energy invested in an energy-producing activity [12, 28, 29] , (see [27] , for a review of the different approaches to the calculation).
The model developed by [12] , and based on the earlier works of economist Nicolas Georgescu-Roegen [38, 39] , highlights the relationship that the process of making useful energy for society has with the structure and functioning of society itself. In this sense, it is important to distinguish "flows" from "funds." Giampietro and Mayumi [12] provide the following definitions: Fund elements are those that remain the same during analytical representation (they reflect the choice made by the analyst when deciding what the system is and what the system is made of); Flow elements are those that are either produced or consumed during analytical representation (they reflect the choice made by the analyst when deciding what the system does and how it interacts with its context). Flow elements can be described in terms of relevant monetary, energy and material flows.
Energy production does happen within a given context, and that context poses constraints to the functioning and performance of the energy production system. Energy flows (under their different forms), in order to happen, have to rely on services supplied by funds, which are structured to provide the, somewhat fixed, characteristics of the system (e.g., content of soil organic matter, working time available at the society level), relative to a certain timeframe. An important aspect that emerges from this representation is that the fund element must be preserved in order to sustain the flows. A reduction of soil organic matter (a fund element) affects crop production in many ways (e.g., reduced soil fertility and soil water availability, requirement of higher amount of inputs), leading to a reduction in productivity (the flow). A low amount of working time available (a fund) reduces the amount of activities a society can carry out (the flow).
On the energy analysis of biofuels, a fierce debate surrounds the issue of providing an accurate EROI estimate for biofuels, but this really has to do with a few decimals below or above one, as the EROI for biofuels is between 0.8 and 1.6, with sugarcane in Brazil as an outlier, reaching a top value of 8-10. This issue should not be a matter of concern, as fossil fuels, which fuel industrial societies, generate an EROI of 20-30 or more [12, 27, 29] . The fact that there are cases where biofuels can be produced at higher EROI does not really change the judgment over the low performance of biomass.
The fact is that we should adopt a different narrative and frame the discourse in a completely different way. A further and more important issue concerns, indeed, the problem of whether biomass can represent a suitable energy source able to fuel the metabolism of our industrialized societies. When addressing this issue, it emerges that we should refer to other indicators altogether; we need to adopt indicators relating to the level of power supply. Information about power levels, in fact, is fundamental to assess the viability of a metabolic process in relation to its internal constrains (funds), whereas information about the energy flow is important to assess the viability of a metabolic process in relation to external constraints (flows) [12, 26] . The high metabolism of industrial societies requires a high power level, which in turn requires a concentrated flow of energy as input.
The power density of the energy source, that is to say the rate of energy flux per unit of area (W/m 2 ), is a key indicator [4] [5] [6] [7] . Concerning power density, fossil fuels perform from 300 to 3000 times better than the best biofuel, such as sugarcane in Brazil (Table 1) . See also Smil [7] (p. 265), for data about the power density of various kinds of biomass energy production. We should also be aware of the quantity of energy required, and the working time that such an amount of energy demands upon society. In fact, the more time a society needs to allocate to the process of energy supply, the less time is available for other tasks and the higher the cost of energy. Giampietro and colleagues [12, 26] argue that developed societies, in order to sustain their level of metabolism, require an energy throughput in the energy sector ranging from 10,000 to 20,000 MJ per hour of labor. The fact that the range of values achievable with biofuel are just 250-1600 MJ per hour of labor says it all. Of course, we may argue that this is a positive outcome, as it allows the creation of more jobs and reduce unemployment. Nevertheless, if wages in those jobs have to be comparable to those in other sectors of society, the cost of energy will skyrocket (I will comment again later on this issue).
Other indicators are also important and need to be taken into consideration (for reasons of space, here I have focused on the metabolic issue). On the biophysical side, one of these indicators is energy density. The final cost of energy in economic terms is, of course, another key issue. I will discuss that in Section 3.1, noting that biofuels can be produced only thanks to subsidies. A number of qualitative indicators are also highly relevant such as: the level of contamination produced, the reliability of the supply, and the level of risk involved [5] [6] [7] 12, 13, 29] .
It should be clear, therefore, that to perform a sound and effective assessment of an energy source is far from being a simple task, and requires the adoption of a number of different indicators related to different criteria and scales. The narrative about biofuels, instead, has been and still is, dangerously simplistic.
At present, the energetic discourse on biofuels is focused on the EROI, but, as we have seen, the EROI is just part of the story. The main problem with biofuels is that they have a power density that is simply too low and this requires handling an enormous quantity of biomass, costing society a lot of working time and capital. Those characteristics make biofuels unable to supply energy to match the metabolic rate of energy consumption of developed countries [5, 6, 12, 26, 32] . For our industrial society to rely on "sustainable biofuels" for an important fraction of its energy, it would require a complete reshaping of its metabolism:
 cropping most of the agricultural and non-agricultural land, affecting food supply and food affordability, increasing the impact on natural resources (water, soil health, pollution, loss of biodiversity);  implementing an amazing occupational shift by sending millions of people back to the fields, which will increase the cost of energy (or at least drastically reduce the wages of those working in the sector);  cutting our pattern of energy consumption, given the reduced flow of net energy;  a consistent reduction of population size and consumption would be required;  dealing with a continuous risk of running out of energy due to climate extremes, pests, etc.;  such a massive amount of biomass may not be sustainable in the long term, and in the short run, it would require increasing amounts of input.
In summary, for a society (as for any living organism) the energetic supply is a matter of vital importance. The key factors being: (1) the quality of the energy source (fossil fuels are much better than biomass as most of the work has already been done by the Earth's ecosystems and geological forces over hundreds of millions of years); and (2) the overall efficiency of the supply process (extraction, transformation, etc.), that is to say, the net energy supplied to society at the proper rate of delivery, able to match the rate of energy demand. If the supply of energy cannot match the rate of metabolic energy consumption, society will reduce its metabolism accordingly.
First-Generation Biofuels: Subsidies, Food and Land Use
In this section, I review the role of subsidies in the sustainability of the biofuels market, and discuss the important impacts that biofuel policies have on food production, global food prices and land use.
Subsidies: Are They the Key for Biofuel Sustainability?
In the USA, where energy and agricultural policies supporting the transformation of corn into ethanol have been in force since the 1970s, the debate over the sustainability of biofuels is an old story (e.g., [2, [40] [41] [42] [43] . Lester Brown, although considering biofuels an option to be explored, already warned governments about "… encouraging the production of alcohol fuel without inadvertently launching an industry that directly competes with food production" [40] (p. 37). Brown poses also the ethical issue of whether the affluent car-owning minority from the developed world should use food crops to fuel their cars, driving up food prices and in turn reducing the margin of survival of the larger and poor majority in developing countries. Lockeretz [41] , in his economic assessment of ethanol production from corn stoves (a work that can be considered a precursor to present-day environmental services analysis), highlights that the potential short-term benefits (in case it was possible to overcome the problems posed by ethanol extraction methodologies), could not secure long-term profits, and due to the loss of soil fertility, pose a risk even for food production. He also points out that policies on renewable energy, when failing to account for the whole, long-term costs and benefits, may result in wasting public money while harming the environment.
Other authors, such as Pimentel, Smil and Youngquist, were critical towards the real efficiency of biomass as an energy source, and posed important questions concerning its economic efficiency and environmental impact (e.g., soil, water, use of agrochemicals). Youngquist claims that ethanol policy in the USA is a mere political issue, with politicians granting subsidies for inefficient ethanol production in order to secure the votes from Corn Belt electors: "The answer is that it is an example of politics overriding reason. The political block of the corn belt states holds votes crucial to elections, and companies which produce ethanol in the United States have been some of the largest contributors to political campaign funds in recent years" [43] (pp. 243-244).
Subsidies are still the main driving force shaping biofuel policy and trade, and ultimately they keep all this going. Even with oil at 100US$/barrel, biofuels were still not competitive and needed subsidies (and that can also be expected, as a lot of fossil fuel is required to carry out intensive agriculture) [12, 44, 45] . Koplow and Steenblik [45] , estimate that in 2008, in the USA, total support towards ethanol production ranged between 9.0 and 11.0 billion US$, with subsidies between 2009 and 2012 accounting for about 50% (up to 80% in 2007) of the ethanol market price. These figures are likely an underestimate, given the many faces economic support can take (from tax exemption to price premium), renderin precise subsidy assessment a difficult task [44, 45] .
According to the IEA, biofuel subsidies amounted to about US$22 billion in 2010, and are projected to increase to up to US$67 billion per year in 2035 [44] . Note that fossil fuel benefits from subsidies, too. Fossil-fuel subsidies are estimated at between US$45-75 billion a year in OECD countries and at US$409 billion in 2010 in non-OECD countries [44] .
Some authors (e.g., [46] ) back subsidy policy of biofuels on the basis that "In any case, the size of the support of biofuels is small (the authors are referring to the figure of US$ 20 billion they present earlier), in relation to the cost of fossil fuel consumption subsidies amounted to $312 bn worldwide in 2009". This reasoning is evidently flawed. The comparison refers to the total value, but has to be done on a per-unit basis instead. According to the BP Statistical Review of World Energy [47] , in 2009 fossil fuel consumption amounted to about 10,000 Mt oil equivalent (3809 Mt oil, 2690 Mtoe gas, 3547 Mtoe coal), while biofuel amounted to about 52 Mt oil equivalent. Subsidies turn out to be 3.1 million US$ per Mt oil eq. in the case of fossil fuels (US$ 3/t), and 423 million US$ per Mt oil eq. in the case of biofuels (US$423/t), 136 times more. We may well wonder what are we doing with biofuels! I do not believe that subsidies are per se a bad thing, and that they have to be dismantled in favor of a deregulated free market (as proposed by die-hard "free market" believers). In some cases, subsidies are very useful. They can act as catalytic trigger and spur a great leap forward. On the other, when a careful analysis of the real strategic opportunities and impacts is missing, subsidies can cause perverse distortions of the market and society, and become "perverse subsidies" [48] , with many detrimental effects for all but those few who get the benefits [48, 49] . Since the beginning, biofuels seem to fit the latter case [3, 12, [43] [44] [45] 49] .
But, who benefits most from these subsidies? In the USA, federal and state subsidies for ethanol production, that total more than US$7 per bushel of corn, have been always mainly paid to large corporations [9, 45, 49] . It thus seems that those who will gain from subsidies are large corporations that sell the fossil-fuel-derived inputs, and the losers are the farmers, the consumers and the tax payers! And the environment, of course.
Are we entering a perverse new biofuel lock-in, with tax payers in the north subsidizing the destruction of tropical ecosystems and the increase of world food prices, which will affect both people in developing countries as well as their own food bill? According to von Braun [50] , Director General of the International Food Policy Research Institute in Washington D.C., to prevent the next international food crisis, among other things, actions have to be taken also concerning biofuels. Subsidies for biofuels, claims von Braun, have diverted funds from food and feed production, and should be removed.
Food vs. Fuel: Who to Nourish?
The [51] . From January 2005 until June 2008, maize prices almost tripled, wheat prices increased by 127% and rice prices increased by 170%. The increase in grain prices was followed by increases in soybean, fats and oils prices, which doubled by mid-2006, notwithstanding the 2004/05 record crop production [51] .
During the early months of 2008, international nominal prices of all major food commodities reached their highest level in nearly 50 years, while prices in real terms were the highest in nearly 30 years [51] [52] [53] [54] . That resulted in soaring food prices, with dramatic consequences for poor people in the developing countries, particularly for those who spend most of their income on staple foods, driving, just in 2008, 110 million people into poverty, with 44 million added to the undernourished. Rioting and demonstrations took place in many cities around the world [1, 52, 55, 56] .
The increase in food prices has been accounted for according to a number of reasons such as: the reduction in the level of grain stocks, the increasing fuel costs, the increase in world population and the demand for food by China and India, weather-related production shortfalls and financial speculation; for a review see [57] . However, analyses were soon released by some international institutions (e.g., World Bank, the International Monetary Fund, FAO, United Nations), as well as other authors, ascribing to biofuels most of the weight of the problem [1, 57] . Reports from the World Bank and the IMF concluded that rising biofuel production was responsible for the largest part of the jump in commodity prices and that this drove about 100 million people worldwide to be under the poverty line [51, 53] . Biofuels diverted grain away from food towards fuel (with over a third of US corn used to produce ethanol and about half of vegetable oils in the EU going towards the production of biodiesel). Farmers were encouraged to set land aside for biofuel production. The situation sparked financial speculation in grains, quickly driving prices up. Some authors are less severe concerning the role played by biofuels in the crisis. Most of the analysts, however, agree that the biofuels played an important role in the matter [1, 44, 57] . Concerning the effect of the expansion of biofuel production, Alexandratos and Bruinsma [58] (p. 1) warn that: "Should such trends continue, biofuels could prove to be a major disruptive force, possibly benefiting producers but harming low-income consumers."
The future presents dramatic challenges. According to the UN [59] , the human population will reach about 8 billion by 2030 and about 10 billion by 2050. Of these, 8 billion will be in developing countries. By 2030, worldwide, an additional 120 million ha-an area twice the size of France-will be needed to support food production [60] , while built-up area/cropland area-estimated at 3.5% in 2000-will reach 5.1% (then 7% in 2050) [56] .
Such a growth, unfortunately, pairs with other rather problematic trends [1, 14, 52, 56, 57, 59, [61] [62] [63] [64] :
 crop productivity is stagnating and the yearly supply of grain per capita is decreasing;
 about 2 billion ha of the world's agricultural land have been degraded;  the Human Appropriation of Net Primary Productivity (HANPP) reached 50% leaving less and less room and resources to biodiversity and ecosystems, thus compromising the existence of many species and the proper functioning of ecosystems.
Under these scary scenarios, we cannot see much room for devoting extensive areas to the production of "sustainable" biofuels, able to cover an important share of our energy consumption. Further to that, as the per capita income rose, consumers in developing countries not only increased per capita consumption of staple foods, they also diversified their diets to include more meat, dairy products and vegetable oils, which in turn amplified the demand for grains and oilseeds [52, 56, 58, 63, 64] .
Land Concentration vs. Smallholders' Survival
In the last years, NGOs and international organizations, as well as experts on food security (e.g., [1, 56, 57, [65] [66] [67] ), have warned that the EU and USA biofuel policies are leading financial speculation to search for land in developing tropical countries to establish fuel crops to supply biofuels to the EU and USA. That may affect many millions of small farmers and indigenous people who are losing, or may lose, their land to large land holdings. Most sugarcane in Brazil, for instance, is cultivated where there once were tropical rainforests and the last native Guarani people. Such territory has already been greatly reduced (along with its native population) by cattle ranching. Thus further land conversion to sugarcane production will threaten what remains of the Amazon, its biodiversity and its people.
A land rush by big companies and governments in developing countries towards land conversion and planting fuel crops is already a reality. Countries such as Indonesia, Malaysia, Colombia, Brazil and Tanzania are already experiencing social conflicts. Cases are reported of small landowners and natives forced out from their land, workers exploited in plantations, and dwindling food security for the poor (e.g., [66] [67] [68] [69] [70] ). Energy companies have stated that many African countries are good sources of biofuels, and have estimated that 30%-50% of their territory is suitable for fuel crops [71] . Are we seeing a new sort of "energetic colonialism," where northern developed countries are exploiting southern agroecosystems and labor to supply cheap bio-energy to their cars?
According to some authors, the biofuel market might potentially offer a way for poverty reduction and job creation, a market that can offer benefits to small farmers and supply cheap energy to local people. However, as the market is structured today, such a well-intentioned option may fail to work and the interests by the much stronger international corporations may prevail in taking advantage of the benefits coming from governmental subsidies and markets. At the same time, we cannot ignore that still 800 million people are considered to be undernourished [72] . Thankfully there has been a decrease from the 923 million estimated in 2007 [61] , but we cannot forget that there are about 150 million people living at the borderline, for whom even a minor stress, such as a slight rise in food prices, or a reduced yield, may drive them to be undernourished.
Land Use: A Medium-Long-Term Perspective
When talking about sustainability we have to see things in perspective, in the medium and long run. In the near and distant future, we may run out of land. Agriculture and energy production are not the only activities competing for land. The population is competing for it too. More people means a demand for more land for urbanization, roads and other services.
Let us take a look at the USA as an example. The USA population, 310 million in 2009, will reach 440 million by 2050 (US Census Bureau, 2009). According to Nowak and Walton [73] , the rate of rural land lost to development in the 1990s was about 0.4 million ha per year and the authors warn that if this rate continues until 2050, USA will have lost an additional 44 million ha of rural countryside. Such areas will be lost mostly at the expense of agriculture or conservative land programs. Brown [74] points out that the USA, with its 214 million motor vehicles, paved an estimated 16 million ha of land (in comparison to the 20 million ha that US farmers plant in wheat). About 13% of U.S. land area is currently dedicated to highways and urbanization, so adding other 150 million people will dramatically affect both the demand for food, as well as the demand for space (e.g., urbanization and highways). Considering future trends and competition for alternative land uses, Bindraban et al. [75] estimate that in Europe biofuel production will not be sustainable already by 2020.
Environmental Impact
The supposed environmental benefits provided by biofuels are the main arguments used by those advocating this energetic strategy, particularly referring to their potential for the abatement of GHG emissions and fossil fuel saving.
A more detailed analysis, however, indicates that in reality things turn out to be much more complex. The supposed environmental benefits seem much more limited than previously estimated. Actually, there are indications that, in some cases, biofuels exacerbate the situation. First-generation biofuels require the adoption of those very same intensive agricultural practices that had detrimental effects on the soil and the water table and increased contamination, etc in the first place. The use of crop residues may also affect soil health, and in any case requires increasing the use of inputs. When grassland and tropical land are converted to biofuel production (e.g., sugarcane, palm oil), net GHG emissions are generated. Therefore, for instance, EU energy policies, while aiming at reducing EU GHG emissions, may, in actual fact, be causing an overall net increase of those emissions.
Perpetuating the Detrimental Effects of Intensive Agriculture
For biofuels to substitute even a small fraction of the fossil fuels used at present, extensive and intensive agricultural practice have to be adopted, practices that are known to have a major impact on soil, water supply and biodiversity. The large use of agrochemicals, in turn, generates many kinds of pollution. Biofuels may end up exacerbating those problems [1, 3, 18, 19, 57, 76] . It is noteworthy that the Human Appropriation of Net Primary Productivity (HANPP) has been estimated at about 50% [57, 77] . Therefore, in order to reduce the impact of agricultural activities on natural resources, reduce contamination and prevent a major collapse of biodiversity at a global scale, there is a call for adopting farming practices that are more agroecological, which may preserve biodiversity-related ecosystem services [15, 17, [78] [79] [80] .
Promoting the extensive cultivation of species suitable for biofuel production would increase two of the major causes of biodiversity loss on the planet, namely the clearing and conversion of yet more natural areas for monocultures, and the invasion by non-native species. The massive cultivation of foreign species, due to their suitability for the production of cellulosic ethanol (e.g., Arundo donax, "giant reed" or "giant cane") are posing a novel risk, that those species becoming invasive will displace indigenous ones and transform natural local environments [81] [82] [83] [84] [85] [86] [87] [88] . Cultivating invasive species contradicts the warning provided by the International Union for Conservation of Nature, "If the species is recorded as highly invasive under similar conditions (similar climate, and similar local ecosystems, and similar soil types), this species shall not be used." [88] (p. 3).
"Carbon Debt": Biofuels and Increasing Carbon Emissions
The belief that burning biomass is carbon neutral has been questioned. Such an idea is founded upon the rather simplistic reasoning that CO2 released in the burning is picked up again by plants, giving a net release of zero. There are a number of reasons why this is not so. Displacing tropical ecosystems in favor of plantations causes the loss of aboveground biomass, and also the release of a huge amount of carbon stored in the soil (about 50% of the total carbon in tropical forests is stored in the soil). Plantations will never store as much biomass as native ecosystems, and that leads to net carbon emissions. Converting grasslands into fuel crops will cause the net emission of the carbon stored in the native ecosystem. Even granting zero net emission to fuel crops, the stored carbon at time zero will still be lost, and added up to the atmosphere [18, 19, 77, 87] . Some authors point out that also the model of carbon accounting used by IPCC suffers from this flaw. Haberl et al. [77] Estimates concerning the "carbon debt" (the carbon that is lost in land use change) have been already published (e.g., [18, 19] :
 the conversion of rainforests, peatlands, savannas. Brazil and Southeast Asia may create a "biofuel carbon debt" by releasing 17 to 420 times more CO2 than the annual GHGs reductions that these biofuels would provide by displacing fossil fuels;  in the USA, corn-based ethanol will nearly double GHG emissions over 30 years, while cropping grasslands to produce biofuels (e.g., with switchgrass), will increase GHG emissions by 50%. Some USA public institutions concluded that much worse problems may be caused by fuel crops than by fossil fuels, due to corn ethanol and biodiesel made from soybean oil causing a large amount of land conversion to create a high "carbon debt" [88, 89] ;  in a meta-analysis carried out by Piñeiro et al. [90] on 142 soil studies, the authors conclude that soil C sequestered by setting aside former agricultural land was greater than the C credits generated by planting corn for ethanol on the same land for 40 years, and that C releases from the soil after planting corn for ethanol may, in some cases, completely offset C gains attributed to biofuel generation for at least 50 years. The authors, however, argue that if cellulosic ethanol was to become commercially available, cellulosic ethanol production from grassland could be an efficient alternative.
The problem of carbon debt is being openly addressed by many experts, who call for a revision of the policy on biofuels. The German Advisory Council on Global Change (WBGU), an independent scientific advisory body to the German Federal Government, stated that: "WBGU is strictly opposed to the direct or indirect conversion of woodland, forests and wetlands into agricultural land for energy crops; such conversion is usually accompanied by non-compensable greenhouse gas emissions and its impacts on biological diversity and soil carbon storage are invariably negative." [16] (p. 6). Recently, the IPCC pointed out that: "…since for some biofuels indirect emissions-including from land use change-can lead to greater total emissions than when using petroleum products, policy support needs to be considered on a case by case basis." [91] (p. 616).
The Case of "Oil Plantations" and the Fate of Tropical Ecosystems
The idea of "oil plantation" was already popular in the 1980s [43] , and its implementation is showing unexpected and undesirable consequences. Gerasimchuk et al. [44] , point out that exporting biofuels to heavily subsidized markets in the U.S. and Europe is a very attractive opportunity for biofuel producers in developing countries and generates a strong pressure towards land conversion to oil plantations, but this is achieved by converting existing crops and displacing native ecosystems. Oil plantations may provide a new market that can benefit both rich and poor countries. However, it has been noted that in many cases traders get most of the benefit. This has been the case particularly in a number of African and Latin American countries where foreign investors absorb the revenues from biofuel production and exports, without a considerable "trickle-down effect" on local communities [1, 66, 69] .
European countries are currently producing biodiesel, relying mostly on locally grown oilseed rape. However, this is increasing the import of feedstocks from non-EU countries: crude palm oil imported from Indonesia and Malaysia, soybean from Argentina, and ethanol and pellets from USA and Canada [1, 68] .
The import of palm oil from Malaysia and Indonesia is under scrutiny and criticized for its potential impact on the remaining tropical forests [1, 70] .
In 2006, Indonesia had 4.1 million ha of oil palm plantation, 31% of the world's total, and this increased to about 7.2 million ha in 2010, accounting for 46% of the world's crude palm oil production. Malaysia is the regional leader in biodiesel production with an output of 540 million liters per annum as of 2009. Indonesia is second with the production of 400 million liters in 2010. By 2019, Indonesia and Malaysia are forecast to nearly double their production of biodiesel, respectively, and that may have a detrimental impact on local forests [1, 70] (Figure 2) .
The effect of international demand, however, may differ for different countries (e.g., [92] ). According to Miyamoto et al. [93] , in Malaysia, the oil palm area continued to expand from 1973 to 2010, but deforestation began to slow down from the mid-1980s, with oil palm planting shifting from newly cleared forest land to land that had been previously used for other agricultural commodities (e.g., rubber, coconut, cocoa) when they became less profitable than palm oil. The authors also found out that deforestation was linked with poverty reduction, and once the country moved to an industrialized and service economy, land clearing greatly reduced. The authors speculate that the demand for land decreased in the country due to the more attractive jobs created in other economic sectors of society. In Indonesia, over 50% of oil palm was planted from 2000 to 2010. By 2020, full lease development would convert 93,844 km 2 (about 90% of forested lands, including 41% of intact forests). Oil palm would then occupy 34% of lowlands outside protected areas [94] . As Indonesia is eight times more populated than Malaysia, and with a GDP per capita of only 30% of that of Malaysia, it is to be expected that the pressure for expansion of palm oil production will be much stronger in Indonesia (given also the dimension of the internal food and energy demand). Increasing global market demand for palm oil (which includes also the food, feed and industrial sector) may push many tropical developing countries to convert the usual food crops into palm oil production and that may lead to complex effects on local food security [1, 66, 67, 69] . The conversion of the remaining native forests and ecosystems is another probable result. Given the doubtful environmental benefits provided by the biofuels, it is important for developed countries to rethink their energy policies regarding biofuels, in order to reduce their indirect impact (and responsibility) on tropical ecosystems. It has been suggested that agricultural intensification may help reduce the expansion of plantations into pristine ecosystems. However, recent analysis found that using high-yielding oil palm crops to intensify productivity and then preserving the remaining biodiversity may not work either. Carrasco et al. [95] , for example, argue that using high-yielding oil palm crops could actually lead to further tropical deforestation. That is because palm oil will become cheaper on the global food markets and will outcompete biofuels grown in temperate regions. That in turn will increase the planting of oil palm in tropical regions. In fact, paradoxically, while developed countries are claiming to import biofuels from tropical regions in order to reduce their CO2 emission, they are actually contributing to an amplification of the problem, and concurring to fuel the process of tropical deforestation [18, 19, 44, 96, 97] . Houghton [98] warns that, between 1990 and 2010, forest degradation and deforestation accounted for 15% of anthropogenic carbon emissions and argues that we have to work to stop this trend. The author is rather critical about the international biofuel trade, which, he claims, is driven by distortions generated by the high subsidies in place in the USA and the EU, and is not going to work towards halting deforestation.
Second-Generation Biofuels
While the "first-generation" biofuels use food crops such as corn, rapeseed, palm and soybean, the "second-generation" fuels should be based on cellulosic material from plants, which could be grown without competing with crops, or coming from crop residues and other organic waste. Experts argue that cellulosic ethanol, if produced from low-input biomass grown on grassland, agriculturally marginal land or from waste biomass, could provide much greater energy supplies and environmental benefits than food-based biofuels [18, 21, 22, 99] . Apparently, this may sound like a good idea. However, before launching into massive investments in this direction, some technical and ecological issues have to be properly analyzed and consequences addressed.
Concerning the use of crop residues, or "waste," it must be pointed out that, in agroecosystems, as for ecosystems, "waste" does not exist [100] [101] [102] [103] [104] [105] :
 crop residues play a major role in preserving soil fertility by supplying a source of organic matter and other elements that improve soil fertility. Harvesting all crop residues would pose a threat to agricultural ecosystems. Topsoil is being lost from land areas worldwide 10 to 40 times faster than the rate of soil renewal threatening soil fertility and future human food security [3, 106] . A consistent harvest of crop residues as feedstock may result in worsening soil erosion rates from 10 up to 100-fold in critical areas [3] , resulting in a disaster for agriculture. Corn residue removal in agroecosystems of the Corn Belt (USA) has greatly reduced corn yields and soil properties [100, 103, 104, [107] [108] [109] , leading also to an overall increase in GHG emissions [110] ( Figure 3) ;  a certain amount of residues (20%-30% and in some cases even more) can be harvested from the field without compromising soil fertility and increasing soil erosion [100, [111] [112] [113] . However, nutrients have to be replaced by synthetic fertilizers [112] . Some experts (e.g., [104, 107] , state that, at present, we do not have a proper understanding about the sustainable amount of appropriation of crop residues, and that this depends on many factors (from soil characteristics to climate, from crops to the environment at large), so a precautionary approach has to be applied;  agricultural soil, when properly managed, also plays an important role as a carbon sink. Lal [114] estimated that a strategic management of agricultural soil (e.g., reducing chemical inputs, moving from till to no-till farming, also known as conservation tillage or zero tillage, a way of growing crops from year to year without disturbing the soil by tillage, contrasting soil erosion and increasing soil organic matter), can sequester carbon at the rate of 500-1000 kg/ha/year in croplands, 50-500 kg/ha/year in grazing lands, 500-1000 kg/ha/year in forestlands and 5-10 kg/ha/year of pedogenic carbonates in arid lands [113] . The author points out that it has also the potential to offset fossil fuel emissions by 0.4 to 1.2 Gt C/year, that is to say 5% to 15% of the global emissions [102] . Furthermore, carbon in the soil offers many other valuable environmental services. Evidence from numerous Long Term Agroecosystem Experiments indicates that returning residues to the soil rather than removing them converts many soils from "sources" to "sinks" for atmospheric CO2 [103, 105, [113] [114] [115] ;  the greater availability of crop residues and weed seeds translates to increased food supplies both for invertebrates and vertebrates, which play important ecological functions in agro-ecosystems, influencing, among other things: soil structure, nutrients cycling and water content, and the resistance and resilience against environmental stress and disturbance [57, [115] [116] [117] [118] [119] [120] .
(a) (b) Figure 3 . (a) The removal of residues (here corn stover) leave the soil uncovered and at the mercy of the weather which quickly degrade it; (b) crop residues left on the soil guarantee soil protection against the effect of the weather, supply nutrition elements and help to preserve soil biodiversity and soil health (photos by the author).
Concerning the energy efficiency of this enterprise, at present, performances are much below those achieved by first-generation biofuels. That for a number of reasons:
 the complexity of the chemical processes involved in transforming lignocellulosic material to ethanol (or methanol); the large and complex infrastructures that are needed, and the economic investment required; the huge quantity of biomass required for a unit of fuel [2, 4, 6, 7, 9, 10, 121] . The arduousness of the challenge can be depicted by the continuous failure of experts' forecasts. In the early 1990s, it was forecast that in 10-15 years, a proper technology could be available to make cellulosic ethanol competitive. By the mid-2000s, experts were forecasting that in 10-15 years' time the major technical problems could be overcome. Present-day forecasts, again, are convinced the problems will be solved in 10-15 years [57, 121] . However, as it is the case for first-generation biofuels, it seems that also for second-generation biofuels a large amount of public subsidies will be necessary to support this energy source, in order for it to be "competitive" [121] ;  when compared to corn grain, it takes 2 to 5 times more cellulosic biomass to obtain the same amount of starch and sugars. This means that 2 to 5 times more biomass has to be produced and handled in order to obtain the same starches as for corn grain [9] . It is notable that, at present, only some pilot plants have been built to produce cellulosic ethanol and this thanks to a large amount of subsidies, though no where in the world are there commercial plants producing ethanol from cellulosic biomass, because it is neither energetically nor economically sound.
The point made by some early authors (e.g., [2] [3] [4] ), holds true today. The total net contribution from converting agriculture residues into energy would be small when compared to the overall energy consumption (only 1% of the energy consumed as heat energy in the USA [2] ) while the effect on soil ecology would be detrimental. A list of drawbacks is offered by [4] (p. 224): "While crop residues can be a feedstock for any of the full array of biomass conversion technologies, the need for the easiest, cheapest, simplest route to transform such a minor, fluctuating, irregular, low density, poorly storable source of energy will largely limit the choice to combustion, certainly the most obvious method, and to anaerobic fermentation".
Concerning converting grassland and prairie ecosystems to biofuel production, we face a series of other problems:
 Tilman et al. [21] suggest that all 235 million hectares of grassland available in the USA, plus crop residues, can be converted into cellulosic ethanol, recommending that crop residues, like corn stover, can be harvested and utilized as a fuel source. I have already mentioned residues; as for the use of grassland, this cannot be considered an empty space. There are tens of millions of livestock (cattle, sheep, and horses) grazing on that land, as well as all the wild fauna and flora living in those ecosystems [122] ;  we should ask what are the real benefits of such massive land conversion. Converting those 235 million hectares of US grassland into ethanol, even using the optimistic conversion rate suggested by Tilman et al. [21] , would still provide only 12% of the annual US consumption of oil and continuous harvesting will surely have a detrimental effect on nutrient cycling, soil erosion and soil ecology, leading to reduced productivity [122] ;  what is missing altogether in this kind of analysis, however, is the assessment of the working time necessary to manage and handle such a vast surface and huge volume of biomass. Factoring this in will in turn greatly increase the projected cost of the fuel, unless wages are kept to a minimum, in a form of modern-day slavery.
On a global scale, again, there seems not to be that much free grassland to be converted to fuel production, at least without seriously compromising the life support systems of hundreds of millions of people. Herrero et al. [123] report that the livestock sector is the largest land-use system on Earth occupying 30% of the world's ice-free surface. It contributes to 40% of global agricultural GDP, providing an income for more than 1.3 billion people and the nourishment of at least 800 million food-insecure people.
Third-Generation: Algae
I wish to add a note concerning third generation biofuels, that is to say biofuels from oil produced by algae. A great deal of effort has recently been put into this enterprise (hundreds of million US$ within private investments and public subsidies). Algae present many advantages on both first and second-generation biofuels. They do not compete for food or land, can be fed on waste, and can grow anywhere where there is some water and sunlight. Some strains can harness 3% of the incoming sunlight as opposed to, at most, 1% for corn or sugarcane. Algae produce oil as reserve energy, and that oil can be extracted and used to produce biodiesel and it is believed they have a great potential to capture carbon [124, 125] . According to Craig Venter's famous Synthetic Genomics, replacing all U.S. transportation fuels with algal oil would take a farm roughly the size of Maryland (32,133 km 2 ), compared with an estimated farmland three times the size of the continental U.S. (3 * 9,629,091 km 2 ) for corn ethanol (in [125] ).
This option, notwithstanding the huge investments and research programmes that go on since the early 1970s, is still failing to deliver, and there are no signs that we will have positive results any time soon. Actually, some energy analysts consider this "solution" so completely unrealistic that it should not even be worth any attention (e.g., [4, 6, 10, 12] ). Pimentel in his edited book on renewable energies [10] , closes the work with chapter 20, on algae, consisting of two pages, summary and references included [126] (pp. 499-500). Pimentel claims that properly accounting for all the costs and assuming a realistic energy production level would lead to an estimated algal oil barrel cost of 800US$.
That the enterprise poses dramatic challenges is testified by a couple of telling facts. The U.S. National Renewable Energy Laboratory shut down its 18-year-old algal oil research program in 1996, after an investment of 25 million US$ in research funds. At present there are no companies that commercialize algal fuel, and the only one that did sold the fuel to the U.S. Navy at 424 US$ a gallon (100 US$ per liter) [125] . Actually, the companies making money on algae do so by selling the precious oil to the food and fashion industries as a nutritional supplement (as it is rich in omega-3 fatty acids) and beauty products [125, 127] . Here, in brief, are some of the major problems faced by algal biofuels [4, 5, 6, 16, [125] [126] [127] [128] :
 they shade one another and there are different levels of light saturation in the cultures;  when grown in open ponds, algae can be affected by predators, disease and contamination by natural strains (and pounds consume a large amount of water through evaporation);  growing algae inside bioreactors greatly increases the energy inputs and the cost of production;  harvesting algae and separating the oil is a difficult and energy-intensive process;  a key issue that limits the efficiency of algae for energy production is that oil production is the algae's defense against long periods without sunlight or nutrients. Then, in these conditions, algae grow slowly. That means that the maximum efficiency for oil production goes in parallel with poor plant growth. That plays against biomass productivity, and in turn limits overall biofuel production.
A different use of algae that has attracted much attention is photobiological H2 production (bio-hydrogen can be obtained also by dark and photo-fermentation of organic materials by bacteria, in general, carbohydrates from organic waste) [129] . I discuss algae, as, at present, most of the research is focused on this sector, and because the issues concerning efficiency and performances are similar. The research on bio-hydrogen production began already in the mid-1990s. Tests are still limited to the lab, but according to some researchers, growing microalgae able to produce H2 has great promise for generating large-scale sustainable energy (e.g. [130] [131] [132] [133] [134] ). However, many technical limitations exist, hindering the exploitation of this potential resource (e.g., algal physiology, metabolic issues) [130, 131] . Surely, further technical advances, such as genetic engineering, will help overcome some of these limitations [131] . Still, we face two major problems, the first concerning the scale issue. In lab conditions, experiments are carried out with "energy plants" consisting of a few milliliters, or at most, a few liters of algae, but real power plants consist of a thousand tons of water, and at this level, we face the problems listed above (algae shading one another, contamination, management etc.). The second problem relates to productivity, at two levels: (1) it is not enough to attain positive efficiency, efficiency has to be comparable to that achieved by fossil fuels (EROI of about 20:1 or higher); and (2) energy has to be supplied at a speed that matches society's metabolism. As with biodiesel, that does not imply that algae cannot play a role, in the future, as energy supply. What we need to know is how much lower is the performance of such an energy source compared to that of the fuels that are presently in use, as that will in turn affect our society's metabolism.
Conclusions
In this paper, I reviewed and discussed some key issues concerning the energetic, environmental and socio-economic sustainability of biofuels.
Food vs. fuels. First-generation biofuels have been shown to greatly affect food availability and the international market price of food commodities. There is a general agreement from both supporters and critics of biofuels that there is not enough land available to produce large amounts of fuel crops without causing a severe impact on global food commodities. Then, even allocating the entire USA cropland and grassland to biofuel production, the energy supply will account for only a small percentage of the USA energy consumption, and there are no hopes for biomass to cover an important share of USA energy demand; the same holds true for the EU.
Energy efficiency. Present-day energy assessments need to be improved. LCA has to be carefully undertaken to account for larger boundaries (especially when including biofuels trade). Different indicators of energy efficiency have to be employed at the same time (e.g., EROI, power density, power intensity). Societies are living systems, so energetic analysis has to be carried out adopting a metabolic approach. That is to say that we have to assess (1) whether the process of energy production is able to supply energy at a rate that matches the rate of energy consumption; and (2) how the functioning of society is affected by changes in the rate of energy supply and the specific characteristics of the energy source. Indicators such as LCA, Output/Input and EROI cannot provide this information. The EROI of biofuels reaches a few units (under the best estimates), while the EROI of fossil fuels is 20-30 or higher. More importantly, the latter have a power density thousands of times higher than the best biofuels such as sugarcane in Brazil. When metabolic approaches are used (e.g., [4, 5, 7, 12, 26] ) it becomes clear that biomass cannot represent an energy carrier able to meet the metabolism of industrialized societies. It is simply too slow in delivering the energy. Large quantities of land, inputs (e.g., fertilizers, water, machinery), and volumes of biomass are required. That means that a large quantity of working time is required. In turn, that affects the cost of energy. For our industrial society to rely on "sustainable biofuels" for an important fraction of its energy, there would be a need to crop most of the agricultural and non-agricultural land, whilst implementing an amazing cut to our pattern of energy consumption and achieving a significant reduction in population. The problems are much worse in the case of second-generation biofuels, given the lower energy conversion efficiency, and the larger quantity of biomass needed per unit of net energy produced. The matter is even worse in the case of third generation biofuels, i.e., algae.
Environmental impact. First generation biofuels rely on intensive agriculture. That means that they are going to exacerbate those environmental impacts that for decades have been addressed as major environmental issues. Subsidies can also make things worse as they incentivize the continuous cropping of a single culture-as is, for example, happening with maize in the USA-and this is going to represent a major agroecological risk. Second-generation biofuels may resolve the conflict with food production, but large-scale conversion of crop residues and agricultural waste into bioenergy may not be as energetically efficient (technical problems are far from solved), and will pose a major threat to longterm soil fertility and soil biodiversity. Converting prairies to cellulosic ethanol production may also not be viable with the present number of grazing livestock and the need to feed an ever-growing population. Some promising non-food species that are starting to be cropped in some countries are invasive species, and may turn out to cause major environmental damage in the future. It has long been claimed that biofuels can play an important role in reducing GHGs. Some experts already challenged such a claim decades ago. Moreover, recent works conclude that when the whole accounting is properly done, results indicate that biofuels may not help reduce GHG emissions. Conversely, extensive biofuel production may exacerbate GHG emissions and subsequently global warming, and increase the deforestation of tropical ecosystems.
Biofuel: a case of "perverse subsidies". Since the beginning, it was evident that biofuels could not compete with fossil fuels in the energy market. What keeps biofuels going is the large amount of public subsidies involved, and energy policies that impose blending a percentage of biofuels with gasoline. Subsidies concern also fossil fuels, but in the case of biofuels, the amount is much higher. Then, again, as it happens for agricultural activities, externalities are not accounted for (e.g., water depletion, soil fertility loss, pollution, carbon emissions). The increasing biofuel trade may also have detrimental effects of both ecosystems and the food system of the producers' countries, which in general are developing countries. Deeper and broader analyses are needed. The process of land grabbing, and other potential socio-economic conflicts should be carefully monitored as well. This might lead us to spend our hard-earned money more carefully. Subsidies should not be burned away to increase social and environmental problems. We can use them, for instance, to help farmers, both in developed and developing countries, to adopt energy-saving and environmentally friendly agricultural practices that can really help cut GHG emissions, prevent soil erosion, reduce water consumption, relieve the environment from toxic pollutants, preserve wild and domesticated biodiversity, and supply many other services. Again, subsidies could be used to explore different renewable energy sources, with a lower impact on our support systems, the soil and agroecosystems.
We know that biofuels cannot be our energy panacea, nor account for an even minimal share of energy supply to our society, without causing major social and environmental problems, undermining food security of billions of people and even resulting in worsening GHG emissions. In the near future, biomass should provide an ever-increasing amount of food, fiber, energy and ecosystem services for an increasing population, while at the same time the prediction is that significant stretches of land will be converted by urbanization, eroded away or lose their fertility, with their water resources depleted. Are we not asking a little too much from the planet? We should also have the courage to face two key issues: (1) we cannot keep increasing resource consumption and we need to change our lifestyle accordingly. In this sense, I cannot but agree with Smil [32] (p. 382) stating: "I strongly believe that the key to managing future global energy needs is to break with the current expectation of unrestrained energy use in affluent societies."; and (2) we have to deal with population growth, we cannot expect to have 9-10 billion people inhabiting the Earth by 2050, without this representing a major impact on its support system.
The great ecologist H.T. Odum, in his book Environment, Power and Society (1971), pointed out that lab scientists were creating a "cruel illusion" (p. 125), by claiming that algae could feed the world [135] .
Odum highlighted two major fallacies in the reasoning of lab workers. The first one concerns the fact that, although it is true that algae have high light conversion efficiency, that high efficiency is reached at low light intensity, and that in turn means reduced productivity. The second relies on considering algae free from their supporting ecological system, and failing to see that what can be done in a laboratory cannot be scaled up without facing major problems and new challenges.
We may reason whether, nearly 50 years after Odum's seminal work, too many technological hopes and too little understanding of ecology and of the complexity of living systems are leading our energivorous society, in its energetic despair, to a new "cruel illusion".
